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PHOTOVOLTAIC THIN-FILM SOLAR CELL
AND METHOD OF MAKING THE SAME

[0001] This application claims the benefit under 35 U.S.C.

§119(e) of prior U.S. Provisional Patent Application No.
60/968,443, filed Aug. 28, 2007, which 1s incorporated 1n 1ts

entirety by reference herein.

BACKGROUND

[0002] The photovoltaic (PV) cell industry has followed
essentially two paths bulk silicon, and, more recently, thin-

film crystalline silicon. Single-crystal and multi-crystalline
bulk silicon solar cells have demonstrated high efficiency and

long operating lifetimes, but have been too costly for many
applications due to their high material demands and low

manufacturing throughput.

Thin-film technologies were
developed as a means of substantially reducing the cost of
photovoltaic (PV) systems. Thin-film processes are appealing,
due to reduced maternials consumption and the potential for
high-throughput production. They are also amenable to
monolithic array designs, thus reducing costs of creating
modules. Unfortunately, thin-film crystalline silicon solar
cells have generally failed to demonstrate the degree of effi-
ciency or reliability found in bulk crystalline silicon solar
cells.

[0003] In the 1980s, the technology evolved to hybnd
approaches 1n which thin-films of silicon were deposited on
low-cost substrates. This approach combines the high effi-
ciency and reliability associated with bulk crystalline silicon
solar cells with the low-cost potential of thin-film deposition
technology. U.S. Pat. No. 4,571,448, granted to Allen Barnett
(also present applicant), discloses a seminal design for a
thin-film crystalline silicon photovoltaic solar cell on a low-
cost substrate. This patent realized that incorporating light-
trapping features in thin-film solar cells not only ameliorates
inetficiencies previously expected with thin-film silicon solar
cells, but also enhances performance of the thin-film cells
beyond traditional bulk silicon approaches. Many of the
expected advantages of a thin-film silicon solar cell, such as
high photogenerated currents due to light-trapping, high volt-
ages due to higher doping levels, monolithic interconnection,
reduced sensitivity to impurities and crystal defects, and
enhanced gettering potential, have been demonstrated, but
only singularly 1n various experimental devices.

[0004] Unifortunately, the usetul and synergistic combina-
tion of these features 1n a cost-effective, production technol-
ogy has eluded the industry. Applicant has previously recog-
nized, in PCT Published Application No. WO2006/29834,
that the problems encountered 1n achieving this objective
tended to mvolve difficulties in producing thin layers of high
quality silicon on low-cost substrates. This reflects conven-
tional wisdom that the key to a robust and effective PV cells
lies 1n the quality of the thin film.

[0005] Theretfore, there 1s a need to provide a thin film
crystalline silicon PV cell design that not only offers the
benefits of thin-film and light trapping technologies, but also
1s robust and 1mexpensive. The present invention fulfills this
need among others.

SUMMARY OF INVENTION

[0006] The present invention provides a low-cost, robust,
high-efficiency PV cell that overcomes the shortcomings of
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the prior art by accommodating the defects of the thin-film
layer, rather than attempting to eliminate them. Specifically,
applicant has discovered that the performance of a thin-film
PV cell can be improved remarkably and surprisingly by
increasing the resistance of the substrate to prevent defects 1n
the thin-film layer from causing shunts. In other words, the
substrate 1s made “fault tolerant” to accommodate the thin-
film layer. This 1s a significant departure from conventional
approaches of improving the quality of the thin films, and
recognizes instead that a commercially-viable PV cell must
be capable of high-volume production in which defects 1n the
thin-film layer, such as manufacturing variances, voids, and
impurities, are unavoidable as a practical matter. Further-
more, the detrimental effects of these defects would likely
increase as the layer becomes thinner to enhance performance
or less uniform due to high-volume manufacturing (i.e.,
relaxed tolerances). The substrate of the present mvention,
however, allows this enhanced performance and high-volume
manufacturing to be realized while accommodating the asso-
ciated defects.

[0007] This enhanced performance more than compensates
for the reduced voltage across the cell due to the substrate’s
increased resistivity. That 1s, although increasing the sub-
strate’s resistivity tends to diminish voltage across the PV
cell, applicant has found that significant fault tolerance can be
realized without a corresponding decrease 1n solar cell volt-
age. Typically, substrate resistivity can be increased signifi-
cantly without a precipitous decline in voltage.

[0008] Inaddition to improved performance, the PV cell of
the present invention also provides significant cost savings.
Specifically, the specified resistivity of the substrate generally
correlates to a less pure substrate. This relatively impure
subtract material 1s less expensive since less refining of the
semiconductor 1s required. For example, the desired resistiv-
ity may correspond to a boron concentration in silicon of
greater than 10 ppm, which 1s relatively impure and thus
readily achievable using imexpensive purification processes.
Not only 1s the material cost low, but also the substrate can be
manufactured using casting processes, rather than complex
and slow Czochralski or Float Zone ingot formation pro-
cesses. The thin-film layer also 1s less expensive since it can
be made thinner, thus reducing processing time and material
requirements. Additionally, the fault tolerance of the sub-
strate allows the thin-film layer to be formed with processes
that are quicker and less expensive even though they may tend
to introduce more defects (e.g., manufacturing variances/
defects/crystal boundaries) compared to traditional epitaxial
vapor deposition techniques.

[0009] The performance ofthe PV cell ofthe present inven-
tion 1s further enhanced by the addition of light-capturing
clements, such as reflectors and textured surfaces, and by
concentrating the charge carriers using barrier layers to
reduce the size of the p-n junctions. To this end, applicant
recognizes that epitaxial lateral overgrowth (ELO) tech-
niques, which were developed 1n the production of microelec-
tronic devices, may be applied to PV cells to enable the
thin-film layer to be grown over planar reflective or barrier
layers on the substrate. By using ELLO processes to incorpo-
rate reflective surfaces and other light-capturing elements
into a PV cell, enhancements, such as high photogenerated
currents, improved photon conversion, and enhanced getter-
ing potential, are synergistically realized.

[0010] Accordingly, one aspect of the present invention 1s a
PV cell having a thin-film, epitaxially grown layer overlaying
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a fault resistant substrate. In one embodiment, the cell com-
prises a crystalline substrate having a resistivity greater than
about 0.02 ohm-cm, and an epitaxy thin-film layer on said
substrate, said thin-film layer contacting said substrate in at
least one region to define a p-n junction. In one embodiment,
the PV cell has improved efficiency through the use of reflec-
tors and other light capturing optics. For example, reflectors
between the substrate and the thin-film layer improve the
conversion of photons to charge carriers which can be trans-
ported across the p-n junction.

[0011] Another aspect of the present invention 1s a method
of manufacturing a PV cell by epitaxially forming a thin-film
layer on a fault-tolerant substrate. In one embodiment, the
method comprises providing a crystalline substrate having a
resistivity greater than about 0.02 ohm-cm, and epitaxially
depositing a thin-film layer over at least a portion of said
substrate. In one embodiment, the method further comprises
depositing a reflector between the substrate and the thin-film
layer and using epitaxial lateral overgrowth processes to
cover the reflector with the thin-film layer.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 shows a perspective, schematic view of an
embodiment of a photovoltaic device.

[0013] FIG. 1a 1s a detailed view of a portion of the device
of FIG. 1.
[0014] FIG. 2 shows a plan view of an embodiment of a

photovoltaic device.

[0015] FIG. 3 shows a cross section of a portion of the
device of claim 2.

[0016] FIGS. 4A-4F show a series of cross-sections 1llus-
trating a process for making a photovoltaic device.

DETAILED DESCRIPTION OF INVENTION

[0017] Referring to FIGS. 1 and 1a, a photovoltaic device
100 having a front and back orientation 1s shown schemati-
cally. The device 100 comprises a crystalline substrate 101
having a resistivity greater than about 0.02 ohm-cm. Over the
substrate 101 1s an epitaxy, thin-film layer 102. The thin-film
layer 102 contacts the substrate 1n at least one region 104 to
define a p-n junction 104a. To harness the electrical energy
generated by the PV cell, front ohmic contacts 107 are elec-
trically connected to the front of the cell 100, while a back
ohmic contact 110 1s electrically connected to the back. These
clements are considered 1n detail below.

[0018] The substrate 101 has several important functions.
First, 1t provides physical support for the thin-film layer 102.
It may be the sole support for the thin-film layer or 1t may be
used 1in combination with another substrate such a metal or
ceramic layer to provide additionally rigidity. The substrate
also forms the p-n junction 104 with the thin-film layer. The
substrate of the present invention, however, also provides
fault tolerance. As mentioned above, this fault tolerance
facilitates the use of a thin-film epitaxy layer.

[0019] Fault tolerance 1s achieved by using a semiconduc-
tor with a resistivity greater than 0.01 ohm-cm. For example,
it has been found that satistactory fault tolerance 1s achieved
when the resistivity of the substrate 1s greater than about 0.02
ohm-cm. Preferably, the resistively 1s greater than about 0.05
ohm-cm, and, more preferably, greater than about 0.1 ohm-
cm

[0020] Although greater resistivity tends to improve fault
tolerance, at some point, the resistivity begins to impede the
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carrier flow through the p-n junction to the point that the
voltage across the cell drops excessively. Thus, establishing
the desired degree of resistivity 1n the substrate becomes an
optimization of voltage across the cell versus fault tolerance.
Fortunately, this 1s a wide window, meaning that the resistiv-
ity can be increased significantly without a corresponding
drop 1n voltage. It has been found that suitable voltages are
provided up to a resistivity of about 1 ohm-cm.

[0021] Itshould be understood, however, that the resistivity
of the substrate might be modified for particular application.
For example, 11 the thin-film layer 1s of a higher quality, it may
be satisfactory for the substrate to have a slightly lower resis-
tivity (and less fault tolerance) 1n favor of a higher voltage.
Alternatively, 11 the thin layer 1s problematic (defect prone),
then it may be worthwhile to increase the resistivity of the
substrate above the above values.

[0022] The substrate may be doped to be a p or an n-type
substrate. Preferably, the substrate 1s doped to be a p substrate
for anumber of reasons. For example, there are certain advan-
tages to having an n-type thin film as discussed below. Fur-
thermore, since p-type material 1s less expensive than n-type,
it makes sense to use the less expensive of the two 1n the
higher bulk application. The substrate 1s preferably a p+ sub-
strate. A p+ substrate 1s a known class of semiconductor
matenals typically p-type material with a resistance less than
0.1 ohm-cm. By way of contrast, p++ 1s a p-type material
highly doped with a resistivity less than 0.001 ohm-cm.

[0023] Suitable semiconductor materials for the substrate
include, for example, silicon, or a mixture of silicon and
another semiconductor material with a higher melting point
than silicon, such as silicon carbide (S1C). Alternate sub-
strates include metallurgical-grade silicon, or a thin silicon
layer on steel, which provides enhanced flexibility and elec-
trical contact conduction.

[0024] Preferably, the semiconductor is silicon, which may
be noncrystalline or multi-crystalline. Preterably, the mate-
rial 1s multi-crystalline since such a structure can be produced
in high volume using conventional casting techniques. The
substrate also does not need to be of high purity. For example,
device-grade silicon typically requires a purity of 6N (i.e.,
99.9999%), while the purnity demands for the substrate 1n the
present mvention application are much less, for example,
from below 6N to 3N. Preferably, the purity 1s 4N, which 1s
less than that required in most semiconductor applications.

[0025] Suitable p-type dopants are well known and include
for example, boron, aluminum, gallium and indium. Gener-
ally, boron 1s preferred since 1t 1s naturally occurring in sili-
con, the preferred substrate material. The desired levels of
doping can thus be achieved simply by not purilying the
semiconductor to traditional levels. For example, suitable
results have been achieved by using a multi-crystalline silicon
doped with about 1-20 ppm boron. Preferably, the semicon-
ductor 1s doped with about 5-15 ppm boron, and even more
preferably, the semiconductor 1s doped to about 7-10 ppm.

[0026] In a preferred embodiment, the substrate 1s a 4N
multi-crystalline silicon having a resistivity of greater than
0.1 ohm-cm. Such a material 1s preferred from the standpoint
of performance, availability and cost.

[0027] The substrate should be thick enough to provide the
desired stability and fault protection. Although the thickness
of the substrate varies according to the application, suitable
results have been achieved using a substrate of about 200 to

about 700 um.
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[0028] As mentioned above, the substrate’s fault tolerance
tacilitates the use of an epitaxial, thin-film layer 102. As used
herein, the term “thin-film layer™ refers to a layer of semicon-
ductor material deposited using known chemical and physical
deposition techniques to a thickness no greater than about 50
um. As 1s well known, epitaxial growth describes an ordered
crystalline growth on a crystalline substrate. Epitaxial films
may be grown Ifrom gaseous or liquid precursors. Because the
substrate acts as a seed crystal, the deposited film takes on a
lattice structure and orientation identical to those of the sub-
strate.

[0029] Epitaxially-grown, thin-film layers have a number
ol advantages over bulk silicon. First, they are very eflicient
due to the close proximity of the charge carriers to the p-n
junction. Additionally, thin-films use less maternial and typi-
cally require less time to form. Although thinner films tend to
be more susceptible to defects such as voids, holes, crystalline
boundaries, faults and manufacturing variances in thickness
and consistency, these problems are mitigated by the fault
tolerant substrate.

[0030] Traditional epitaxial growth techniques can be used
including chemical vapor deposition or liquid deposition.
Chemical vapor deposition (CVD) 1s a chemical process used
to produce high-purity, high-performance solid materials. In
a typical CVD process, the water (substrate) 1s exposed to one
or more volatile precursors, which react and/or decompose on
the substrate surface to produce the desired deposit. Fre-
quently, volatile byproducts are also produced, which are
removed by gas flow through the reaction chamber. Below 1s
an example of the various CVD techniques that can be used:

[0031] Atmospheric pressure CVD (APCVD)—CVD
processes at atmospheric pressure.

[0032] Low-pressure CVD (LPCVD)—CVD processes
at subatmospheric pressures. Reduced pressures tend to
reduce unwanted gas-phase reactions and improve film
umiformity across the wafer.

[0033] Ultrahigh vacuum CVD (UHVCVD)—CVD
processes at a very low pressure, typically below 10-6 Pa
(~10-8 torr).

[0034] Acrosol assisted CVD (AACVD)—A CVD pro-
cess 1n which the precursors are transported to the sub-

strate by means of a liquid/gas aerosol, which can be
generated ultrasonically.

[0035] Direct liquud mmjection CVD (DLICVD)—A
CVD process 1n which the precursors are in liquid form
(liquid or solid dissolved 1n a convenient solvent). Lig-
uid solutions are injected 1 a vaporization chamber,
vaporized, and transported to the substrate as 1n classical
CVD process. This technique 1s suitable for use on liquid
or solid precursors. High growth rates can be reached
using this technique.

[0036] Plasma methods
[0037] Microwave plasma-assisted CVD (MPCVD)
[0038] Plasma-Enhanced CVD (PECVD)—CVD pro-

cesses that utilize a plasma to enhance chemaical reaction
rates of the precursors. PECVD processing allows depo-
sition at lower temperatures.

[0039] Remote plasma-enhanced CVD (RPECVD)—
Similar to PECVD except that the water substrate 1s not
directly in the plasma discharge region. Removing the
waler from the plasma region allows processing tem-
peratures down to room temperature.
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[0040] Atomic layer CVD (ALCVD)—Deposits succes-
stve layers of different substances to produce layered,
crystalline films.

[0041] Hot wire CVD (HWCVD) (also known as Cata-
lytic CVD (Cat-CVD) or hot filament CVD
(HFCVD))—Uses a hot filament to chemically decom-
pose the source gases.

[0042] Metalorganic  chemical vapor deposition
(MOCVD)—CVD processes based on metalorganic
pPrecursors.

[0043] Rapid thermal CVD (RTCVD)—CVD processes
that use heating lamps or other methods to rapidly heat
the water substrate. Heating only the substrate rather
than the gas or chamber walls helps reduce unwanted gas
phase reactions that can lead to particle formation.

[0044] Vapor phase epitaxy (VPE)}—generally any pro-
cess that 1s not LPE or growth from molten silicon.

[0045] In addition to CVD, the thin-film layer may be
grown by liquid phase epitaxy (LPE), which 1s a method to
grow semiconductor crystal layers from a melt on solid sub-
strates. This happens at temperatures well below the melting
point of the deposited semiconductor. The semiconductor 1s
dissolved 1n the melt of another material. At conditions that
are close to the equilibrium between dissolution and deposi-
tion the deposition of the semiconductor crystal on the sub-
strate 1s slowly and uniform. The growth of the layer from the
liquid phase can be controlled by a forced cooling of the melt.

[0046] Another class of growth 1s growth from molten sili-
con by depositing a layer of silicon, melting 1t, and then
growing silicon crystals—either epitaxially or on a dissimilar
substrate. The 1nitial silicon layer can be deposited by CVD,
spraying, dipping, screen printing, etc. This layer i1s then
heated to 1ts melting point (possibly using an optical furnace
which can focus the heat on the top layer). The crystals are
grown when the molten silicon 1s cooled. It should be recog-
nized that this method 1s hard to control on a silicon based
substrate since the substrate and interfaces will also tend to
melt.

[0047] Inoneembodiment, the thin-film layer 102 1s grown
over other planar elements on the substrate 101, such as an
optical retlector 108. This requires that the thin film be grown
laterally from the seed area (1.¢., the p-n junction) to cover the
reflector or barrier.

[0048] This requirement can be met using low temperature
epitaxial lateral overgrowth (ELO) of silicon as discussed 1n
(. W. Neudeck et al., Three Dimensional Devices Fabricated
by Silicon Epitaxial Lateral Overgrowth, Journal of Elec-
tronic Matenals, Col. 19, No. 10, 1990 (incorporated herein
by reference). This method provides an active layer with high
mobilities, large minority carrier lifetimes, and does not dam-
age underlying active substrate since the processing tempera-
tures are usually less than 1000° C. To produce ELO, seed
windows (1.e., p-n junctions 104a) are opened on the substrate
101. Epitaxial growth 1s mitiated selectively 1n the seed win-
dows and progresses vertically until the level of the reflector
105 or barrier 108 1s reached. Continuing to grow, the epitaxy
will go laterally over the planar element producing a single
crystalline silicon layer available for further device process-
ng.

[0049] Preferably, the thin-film layer 1s epitaxially formed
by CVD and even more preferably by ELO 1f planar elements,
such as barriers and retlectors, are disposed on said substrate.
Since the substrate 1s fault tolerant, manufacturing techmques
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can be used which favor high output and large surface areas,
rather than precision and uniformaity.

[0050] Sutable semiconductor materials for the thin-film
include, for example, silicon, III-V compounds and II-VI
compounds. Preferably, the thin-film material 1s silicon.
Since the layer 1s thin, SN purity 1s acceptable, although 6N or
greater 1s desirable.

[0051] The thin-film layer by be doped type p or type n
depending on application. Suitable dopants include, for
example, boron for p-type and phosphorus for n-type.

[0052] As mentioned above, preferably, the substrate is
p-type and the thin film 1s n-type. Among the other reasons for
this preference already mentioned, it has been found that an
n-type thin film 1s generally easier to passivate (which lowers
the surface recombination potential and leads to higher effi-
ciency). In this regard, 1in certain applications 1t may be pret-
crable to passivate the top of the thin-film layer to form a
passivated surface 106. This 1s a well known technique
described 1n detail below.

[0053] Thickness of the thin-film layer can vary according
to the application. Generally, 1t 1s preferred to make the layer
thin to reduce the distance from the p-n junction, thereby
climinating the opportunity for the charge carriers to recoms-
bine. If the layer 1s too thin, however, the 1inevitable defects
characteristic of a lower-tier, CVD, epitaxy layer become a
more substantial component of the overall mass, thus leading
to more ground faults. Suitable results have been achieved
using a thin-film layer of about 5 to about 50 um. Preferably,
the thickness of the thin-film layer 1s about 5 um to about 25
um, and more preferably from about 5 um to about 10 um.

[0054] To enhance performance of the cell, it may be pret-
erable to use light-capturing optics, such as retlectors 105 and
a textured surface 109, to convert more photons to charge
carriers, and 1solating barriers 108 to limit the size of the p-n
junctions 104a to increase the voltage across the cell (see FIG.
1a).

[0055] Light-capturing optics are discussed 1n Duerinckw
et al., Optical Path Length Enhancement for >13% Screen-
printed Thin Film Silicon Solar Cells, Presented at the 21 st
European Photovoltaic Solar Energy Conference, Dresden,
Germany, Sep. 4-7, 2006, which 1s herein incorporated by
reference. It 1s preferred to texture the front surtace 109, not
only to decrease the front surface reflection, but also to
increase the optical path length 1n the thin-film layer by scat-
tering the light at an oblique angle. Ideally, the surface should
be a lambertian refractor. In practice, 1t has been found that
complete light scattering can be achieved for a S1 removal of
only 1.75 um. However, since the epitaxial layer 1s quite thin,
the silicon removal during the texturing step should be care-
tully controlled. If only a very limited amount of silicon 1s
removed (short texturing) then the specular reflective com-
ponent increases at higher wavelengths thereby limiting the
diffusive behavior. A longer texturing rectifies this problem at
the cost of more silicon being removed. Consequently, a
compromise must be made between light scattering and the
absorption volume of the epitaxial layer. A good uniform
texturing 1s achieved with a limited removal of about 0.5 to
about 1.0 um, even though a lambertian surface texture (100%
diffusive) 1s not quite achieved. Fluorine based plasma tex-
turing has been found to achieve these objectives.

[0056] In addition to surface texturing, it 1s also preferable
to employ reflectors to decrease the transmittance of long
wavelength light 1into the substrate. Specifically, by position-
ing a retlector at the ep1/substrate interface, photons thatreach
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this interface are reflected and pass a second time through the
thin-film layer. Since the light 1s preferably diffuse from the
moment 1t entered the cell (due to the lambertian nature of the
plasma texture mentioned above), a large part of photons will
strike the front surface outside the escape angle. Therefore,
most the photons will be reflected back down toward the
substrate due Total Internal Reflectance (TIR). The photons
continue to reflect between the retlector and the textured
surface so that multiple passes through the epitaxial layer
become possible.

[0057] In one embodiment, the reflector 1s made by elec-
trochemical growth of a porous silicon stack of alternating
high and low porosity layers (a multiple Bragg reflector). This
process 1s described 1n detail in Duerinckw et al. During the
epitaxial growth on top of the porous Si stack, the individual
layers reorganize into Quasi Monocrystalline Silicon (QMS).
The nanoporous layers are transformed into thin silicon lay-
ers with large voids, although the original layout of the stack
1s maintained. According to Duerinckw et al., this process 1s
driven by minimization of surface energy. The result 1s alter-
nating layers consisting of small and large voids. This struc-

ture tends to be suitable as a reflector due to constructive
interference.

[0058] As mentioned above, the voltage across the PV cell
can be increased by decreasing the size of the p-n junction
relative to the area of the photon-collecting, thin-film layer
102. To this end, insulating barriers 108 are disposed on the
substrate to define first regions 104 1n which the thin-film
layer contacts the substrate (i.e., the p-n junctions) and second
regions in which the thin-film layer 1s 1solated from the sub-
strate. Preferably, the barriers cover a majority of said sub-
strate to define p-n junctions over a minority portion of said
substrate. In a preferred embodiment, the second regions
comprise at least about 80% ofthe substrate surface area, and,
more preferably about 95 to about 99%.

[0059] Although not necessary, 1t 1s usually preferable to
depose the barriers 1n a periodic fashion to produce a pattern
of p-n junctions/first regions. For example, as shown 1n FIG.
1, the first regions are defined as parallel rows. Alternatively,
the second region may encompass a first region, to define the
first regions as discrete shapes (e.g., round or polygonal). In
any event, preferably, the distance between centers of any two
adjacent first regions 1s less than a minority carrier diffusion
length 1n the thin-film layer. For example, 1n an n-type thin
f1lm this length would be from about 10 um to about 100 um.
Thus, 1n a preferred embodiment, the centers of the first
region are no greater than about 5 um to about 50 um apart.

[0060] Altemately a thin (e.g., 0.01 to 1.0 microns) p-layer
may be grown over the barrier to overcome the diffusion
length limitations. This p-layer converts the generated minor-
ity carriers to majority carriers, which then are readily trans-
ported to the p-n junctions. Alternatively, rather than growing,
a p-type layer over the barrier, an n-type layer may be grown
over the p-type barrier such that the p-type dopant 1n the
barrier diffuses into the inmitial n-type layer to render it a
p-type layer. In one embodiment, this initial n-type layer 1s
grown separately from the thin-film layer, and, 1n another
embodiment, 1t 1s the thin-film layer.

[0061] Referring to FIGS. 2-4, a particular embodiment of
the PV cell and steps for manufacturing 1t are considered in
detail. It should be understood that this particular embodi-
ment 1s for 1llustrative purposes only, and that other embodi-
ments may be practiced within the scope of the claims.
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[0062] FIG. 2 shows a plan view of a first embodiment of a
front-surface-1lluminated photovoltaic device. An array of
first regions 115 1s laterally intermixed with second regions
300 where, 1n this embodiment, second regions 300 are the
space between firstregions 1135. The first regions 1135 have the
shape of a square. Alternatively, first regions 115 could have
the shape of any closed, bounded regions, such as polygons or
circles, or they could be stripes extending laterally across the
device. First regions 115 could also have varied shapes over
the device, such as a mixture of bounded regions and stripes.
In this embodiment, the first regions 115 (and concurrently
second regions 300) are defined by holes formed through
multiple layers, as explained in more detail below. FIG. 2
shows a corner of the device; first regions 1135 extend 1n two
dimensions laterally over the device, as indicated by the trip-
lets of dots.

[0063] FIG. 3 showsacross section of the structure of a first
embodiment of a {front-surface-illuminated photovoltaic
device. The cross section 1s taken along the line A-B 1n FIG.
2. The device structure contains the following elements: a
substrate 180 with a back surface; a thin-film layer 130, of
doping type opposite to that of substrate 180 and having a
front surface; a barrier layer 190 1n contact with the substrate
180; a reflector layer 200 1n contact with the barrier layer 190;
at least one front-surface ohmic contact 160 for electrical
contact to the thin-film layer 130; and at least one back sur-

face ohmic contact 230 for electrical contact to the substrate
180.

[0064] Still referring to FI1G. 3, the first regions 115 contain
essential p-n junctions 240 for operation of the photovoltaic
device. The p-n junctions 240 may be formed at the junction
between the substrate 180 and the oppositely doped thin-film
layer 130. The second regions 300 contain barrier layer 190
and retlector layer 200. Barrier layer 190 acts as a barrier to
diffusion of impurities from substrate 180 into the rest of the
device. Barrier layer 190 may enable the use of a lower purity
(hence less expensive) material for the substrate 180. Barrier
layer 190 also restricts carrier tlow between the substrate and
the thin-film layer. Reflector layer 200 acts to reflect photons
entering the front surface back into thin-film layer 130 if those
photons penetrate all the way to the reflector layer 200 with-
out being absorbed 1n the thin-film layer 130. The presence of
reflector layer 200 may therefore increase the efficiency of the
device by making it more likely that a photon will be absorbed
in thin-film layer 130, thus producing more electron-hole
pairs that can be collected and contribute to the generated
current.

[0065] As anoption, as shown in the embodiment in FIG. 3,
there may be an internal passivation layer 210 at least partially
encapsulating reflector layer 200 1n second regions 300. Inter-
nal passivation layer 210 1s meant to prevent diffusion of the
material of reflector layer 200 1nto the rest of the device. In the
embodiment shown 1n FIG. 3, passivation layer 210 and bar-
rier layer 190 completely encapsulate retlector layer 200,
with passivation Layer 210 wrapping around the edges of
reflector layer 200. Alternatively, passivation layer 210 may
at least partially encapsulate barrier layer 190 by extending
over the edges of barrier layer 190. Alternatively, 11 the mate-
rial of retlector layer 200 1s unlikely to diffuse significantly
into the rest of the device during the processing of the device,
internal passivation layer 210 may be omitted.

[0066] The device may have front passivation on the front
surface to reduce recombination over the front surface and, in
general, stabilize the electrical characteristics of the device.
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The front passivation may be made of at least one of the
following: a front passivation layer 150, a tloating p-n junc-
tion 100, or a heteroface. It could be formed, for example, by
deposition of n-type GaP on the top surface of a p-type silicon
thin-film layer 130. Floating junction 100 may be formed by
diffusion of dopant into thin-film layer 130, the dopant of
opposite type to that of thin-film layer 130.

[0067] The device may have an anti-reflection coating 140
covering front passivation layer 150 and floating junctions
195. Anti-reflection coating 140 decreases the fraction of
incident light retlected from the front surface and therefore
improves overall conversion efliciency of the device.

[0068] Electrical contact 1s made to the device using at least
one front ohmic contact 160 to thin-film layer 130 and at least
one back ohmic contact 230 to substrate 180. An additional
doping layer (not shown) may be added to substrate 180 at
back contact interface 175 to decrease contact resistance.
Alternatively, separate doping for the back contact 230 may
not be required; the doping of the substrate 180 may be
suificiently high to give an ohmic contact without additional
doping at interface 175. In one embodiment, the doping of the
substrate can be as high as it needs to be to get good ohmic
contact with the deposited back contact metal 230. There
would not be a need for a diffused or alloyed layer at the
interface 175. For the front ohmic contact 160, additional
doping layer 170 may be formed in thin-film layer 130 to
reduce recombination at the front contact. For example, 11 the
thin-film layer 130 1s n-type, an n+ layer may be fabricated
under the contacts. Front passivation layer 150, a heteroface,
or a floating junction 100 reduces recombination across the
rest of the front surface.

[0069] The front contact 160 may be buried. In an embodi-
ment 1n which internal passivation layer 210 1s not present,
and retlector layer 200 1s a good electrical conductor, such as
a metal, an electrical connection may be established from
front metal contact 160 to retlector layer 200 by using a
heavily doped vertical layer (not shown).

[0070] Barrier layer 190, reflector layer 200, and internal
passivation layer 210 add front to a total thickness between
about 0.1 and about 0.5 micrometers. Barrier layer 190 mate-
rial may be a nmitride of silicon, an oxide of silicon, an oxide of
aluminum, aluminum nitride, tungsten carbide, titanium car-
bide, or silicon carbide. Reflector layer 200 should have high
reflectivity at light wavelengths close to the bandgap absorp-
tion wavelengths of the semiconductor material of thin-film
layer 130. Retflector layer 200 may be a metal or a non-metal.
If thin-film layer 130 1s primarnily silicon, appropriate metals
for reflector layer 200 include nickel silver, chrome, palla-
dium or any combination thereof. Appropriate non-metals
include titamium nitride, boron carbide, silicon carbide, or any
combination thereol. Internal passivation layer 210 may be a
nitride of silicon, an oxide of silicon, a carbide of silicon, or
any combination thereof. Internal passivation layer 210 may
also be a wide bandgap material, such as silicon carbide (S1C)
which may form a high-low semiconductor junction with
seed layer 220 or directly with thin-film layer 130.

[0071] Front passivation layer 150 may be made of amor-
phous silicon, a nitride of silicon, or an oxide of silicon, or a
combination of these.

[0072] Anti-reflection coating 140 may have a single layer
or multiple layers of materials which are at least partially
transparent to light in the range of wavelengths from the
inira-red through the ultraviolet and which have appropriate
indices of refraction and thicknesses. Suitable materials
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include, but are not limited to, a nitride of silicon, an oxide of
titanium, an oxide of tantalum, an oxide of aluminum, an
oxide of silicon, or any combination thereof.

[0073] The thickness of thin-film layer 130 1n this embodi-
ment 1s between about 2 and about 50 micrometers.

[0074] In operation, photons enter the device through the
front surface. Photons may be absorbed directly 1n thin-film
layer 130. Some photons, especially those of longer wave-
length, may pass completely through thin-film layer 130 to
reflector layer 200 without being absorbed. They may then be
reflected back into thin-film layer 130 and absorbed. If sub-
strate 180 has a textured surface 260, reflector layer 200 may
also have a textured surface, and photons striking reflector
layer 200 will be scattered as well as reflected, increasing the
optical path length and the likelihood of absorption 1n thin-
film layer 130. Photons may also pass through to textured
surface 260 of substrate 180 1n the first regions 115 where
they are scattered back into thin-film layer 130 and then
absorbed. Once a photon 1s absorbed, an electron-hole pair 1s
tormed and the two carriers thermally diffuse. Carriers reach-
ing depletion regions of p-n junctions 240 will be swept out,
or collected, by the built-in electric fields of junctions 240 and
contribute to external photocurrent.

[0075] For good elliciency of carrier collection, distances
between openings defining first regions 1135 should be small
enough that carriers are collected before they recombine. One
way this may be achieved 1s to make lateral distance between
centers of any two adjacent first regions 115 less than one
minority carrier diffusion length 1n thin-film layer 130. In
general, the distance between openings defimng first regions
115 and/or the sizes of the openings may be chosen to opti-
mize elficiency for a given diffusion length (or carrier life-
time) 1n thin-film layer 130. For a silicon device, 1t 1s expected
that the distance between centers of first regions 1135 wall fall
in the range from about 2 to about 1000 micrometers, and the
width of first regions 113 1s expected to fall in the range from
about 1 to about 50 micrometers.

[0076] FIGS. 4A-F show an embodiment of a process for
fabricating the embodiment of a solar photovoltaic device
shown 1n FIGS. 2 and 3. FIG. 4A shows the device structure
alter the steps of obtaining a semiconductor substrate 180 of
a first doping type with a top and bottom surface; forming
barrier layer 190 on the top surface; and depositing reflector
layer 200 on barrier layer 190. Prior to the forming of barrier
layer 190, substrate 180 may be textured to enhance light
scattering from the top surface of substrate 180 back into
thin-1ilm layer 130, as disclosed above. The texturing can be
achieved by texturing a mold in which substrate 180 1s cast.
Alternatively, texturing may be achieved by forming a mix-
ture of the semiconductor material of substrate 180 and par-
ticles of a thin-film having a melting point higher than that of
the material of substrate 180; heating the mixture to a tem-
perature above the melting point of the substrate and below
the melting temperature of the thin-film, and cooling the
mixture below the melting point of the substrate. The particles
impart texture to substrate 180. As a specific example, sub-
strate 180 1s s1licon and silicon carbide (S1C), and the propor-
tion of silicon carbide, by volume, 1s 1n the range from about
1% to about 90%. The particles may have sizes in the range
from about 0.1 to about 1.0 micrometers. The texturing is
configured to scatter light 1n the wavelength range from the
inirared to the ultraviolet.

[0077] Barrier layer 190 and reflector layer 200 may be
tormed using any known deposition technique including, but
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not limited to, APCVD, LPCVD, PECVD, MOCVD, or other
chemical vapor deposition methods; evaporation; sputtering;
spray pyrolysis; or printing. Barrier layer 190 may be formed
using thermal oxidation.

[0078] FIG. 4B shows the structure after a step of forming
a plurality of openings through reflector layer 200 and barrier
layer 190. The openings define a plurality of first regions 115
and the spaces separating the openings define second regions
300. The opemings may be formed using known techniques
including, but not limited to, wet chemical etching; dry etch-
ing, such as plasma etching; laser machining; air abrading; or
water blasting. If the surface of substrate 180 1s textured,
openings may be formed through thinning layers on surface-
textured peaks: the retlector and barrier layers will be thinner
over the peaks of the texture than over the valleys, and these
thinner regions can be etched away, exposing the underlying
substrate 180, while leaving the substrate 180 covered in the
thicker regions. Some of these methods, such as wet or dry
etching, may require a masking step, such as photolithogra-
phy using photoresist. Others, such as laser machining, may
not require a masking step.

[0079] FIG. 4C shows the structure after a step of deposit-
ing internal passivation layer 210 covering retlector layer
200. Passivation layer 210 may be deposited using chemaical
vapor deposition, sputtering, spray pyrolysis, or printing.

[0080] FIG. 4D shows the structure aiter completion of a
step of completing the forming of openings defining first
regions 115 by forming a plurality of openings in internal
passivation layer 210 coinciding with the openings defiming
the first regions, such that the remaining internal passivation
layer 210 at least partially encapsulates the reflector layer 200
at edges of the second regions. A patterned photoresist layer
may be used to define the areas to be etched. Alternatively,
barrier layer 190 may be partially encapsulated by passivation
layer 210 as well. In this step, the top surface of substrate 180
1s exposed. Openings 1n passivation layer 210 may be formed

using any of the technmiques disclosed above 1n connection
with FIG. 4B.

[0081] FIG. 4E shows the structure after a step of deposit-
ing semiconductor thin-film layer 130 covering first regions
115 and second regions 300 and forming p-n junctions 240
inside the openings defining first regions 115.

[0082] Asdiscussed above, epitaxially depositing the semi-
conductor layer may be carried out using liquid or chemical
vapor deposition (CVD), preferably CVD. As one example,
trichlorosilane may be used 1n the CVD step to deposit silicon
thin-film layer 130. Prior to CVD deposition, substrate 180
may be cleaned using known techmiques, such as an etch with
HCI. Thais step could be done in-situ 1n a CVD reactor. Thin-
f1lm layer 130 may have acceptable electronic properties as
deposited. As mentioned above, to grow the thin-film layer 1s

grown epitaxially over the reflector 200 (and passivation layer
210)

[0083] FIG. 4F shows the structure after the steps of form-
ing one or more ohmic contacts to thin-film layer 130 and to
substrate 180; also front passivation layer 150, floating junc-
tion 100, and anti-reflection coating 140. Ohmic contact to
thin-1ilm layer 130 contains metal 160 and additional doping
layer 170 1n thin-film layer 130 to reduce recombination.
Doping layer 170 may be formed by diflusion, 1on implanta-
tion, or other known techniques. Ohmic contact to substrate
contains metal 230 in contact with substrate 180 at back
contact interface 175. Optionally, additional doping may be
introduced at interface 173, similar to layer 170. Ohmic con-
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tacts to thin-film layer 130 may be formed by depositing
passivation layer 150 and anti-retlection coating 140, then
forming openings 165 through both of these layers. Metal 160
1s deposited and patterned using known techniques. Alterna-
tively, forming ohmic contacts to thin-film layer 130 may
include screen printing metal 160, such as silver, on front
passivation layer 150 and firing the metal through passivation
layer 150. Alternatively, metal 160 may be fired through
anti-reflection coating 140 1f metal 160 1s applied before
contact opemings 165 are formed.

[0084] Front passivation layer 150 may be deposited using
any ol the deposition techniques disclosed above in the
description of FIG. 4A. Front passivation layer 150 may form
a hetero-junction (an electrical junction between dissimilar
semiconductor materials) with thin-film layer 130.

[0085] Beifore deposition of passivation layer 150, the front
surface of thin-film layer 130 may be textured, either
mechanically, chemically, or with a combination of these
methods, to reduce front surface reflectance.

[0086] In an alternative embodiment, the device has sub-
strate 180, thin-film layer 130 of opposite doping type to the
substrate 180 and deposited on substrate 180, at least one
ohmic contact 160 to the thin-film layer, and at least one
ohmic contact 230 to substrate 180. As in previously
described embodiments, this embodiment may also have
front passivation, single- or multiple-layer a reflection coat-
ing, and textured surfaces on the substrate and thin-film lay-
ers. Matenals for these structures and methods for making
this device may be as previously disclosed.

[0087] Applicants specifically incorporate the entire con-
tents of all cited reterences 1n this disclosure. Further, when
an amount, concentration, or other value or parameter is grven
as either a range, preferred range, or a list of upper preferable
values and lower preferable values, this 1s to be understood as
specifically disclosing all ranges formed from any pair of any
upper range limait or preferred value and any lower range limit
or preferred value, regardless of whether ranges are sepa-
rately disclosed. Where a range of numerical values 1s recited
herein, unless otherwise stated, the range 1s intended to
include the endpoints thereof and all integers and fractions
within the range. It 1s not intended that the scope of the
invention be limited to the specific values recited when defin-
Ing a range.

[0088] Other embodiments of the present invention will be
apparent to those skilled 1n the art from consideration of the
present specification and practice of the present invention
disclosed herein. It 1s intended that the present specification
and examples be considered as exemplary only with a true
scope and spirit of the invention being indicated by the fol-
lowing claims and equivalents thereof.

What 1s claimed:
1. A photovoltaic device having a front and back orienta-
tion and comprising;
a crystalline substrate having a resistivity greater than
about 0.01 ohm-cm; and

an epitaxy thin-film layer 1n front of said substrate, said
thin-film layer contacting said substrate in at least one
region to define a p-n junction.

2. The device of claim 1, wherein said substrate has a
resistivity greater than about 0.05 ohm-cm.

3. The device of claim 2, wherein said substrate 1s multi-
crystalline, P+ silicon and said thin-film layer 1s n-type sili-
con.
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4. The device of claim 3, wherein said substrate comprises
about 1-20 ppm boron.

5. The device of claim 4, wherein said substrate has a purity
of no greater than 4N.

6. The device of claim 1, wherein said substrate has a
thickness of at least about 50 um.

7. The device of claim 3, wherein said thin-film layer 1s
formed through chemical vapor deposition.

8. The device of claim 1, wherein said thin-film layer has a
thickness of no greater than about 50 microns.

9. The device of claim 1, further comprising:

a barrier layer between said substrate and said thin-film
layer, wherein said barrier layer covers a majority of said
substrate.

10. The device of claim 9, wherein said p-n junctions are

periodic.

11. The device of claim 9, wherein said p-n junctions are a
plurality of parallel stripes on the surface of said substrate

12. The device of claim 9, wherein said barrier layer cover
no less than about 60% of said substrate

13. The device of claim 9, further comprising:

a reflector over said substrate for reflecting photons away
from said substrate and back into said thin-film lavyer.

14. The device of claim 9, wherein said reflector 1s an
insulator.

15. A method of producing a cell comprising:

(a) providing a crystalline substrate having a resistivity

greater than about 0.01 ohm-cm; and

(b) epitaxially depositing a thin-film layer over at least a
portion of said substrate.

16. The method of claim 15, wherein said depositing 1s

performed using CVD.

17. The method of claim 15, wherein step (a) comprising
casting said substrate.

18. The method of claim 17, wherein said casting com-
prises texturing the front surface of said substrate.

19. The method of claim 15, wherein said crystalline sub-
strate 1s polycrystalline

20. The method of claim 19, wherein said substrate has
boron at a concentration of about 1 to about 20 ppm.

21. The method of claim 15, wherein said thin-film layer 1s
deposited over said substrate using chemical vapor deposi-
tion.

22. The method of claim 135, further comprising:

deposing a third layer over a portion of said substrate.

23. The method of claim 22, wherein said third layer 1s at
least one of a barrier or a retlector.

24. The method of claim 23, wherein said third layer 1s a
barrier and said method further comprises:

deposing a reflector over said barrier layer.

25. The method of claim 23, wherein said thin film layer 1s
epitaxially grown over said third payer using ELO.

26. The method of claim 23, after said thin-film layer 1s
deposited, texturing wherein the front surface of said thin-
film layer.

277. The method of claim 23, further comprising creating a
p-type layer over said third layer to increase diffusion length

28. The method of claim 23, wherein creating a p-type
layer 1s formed by either depositing an intermediate p-type
layer over said third layer, or allowing p-type impurities to
diffuse 1nto an n-type layer.

29. The method of claim 23, wherein said n-type layer 1s
said thin-film layer.
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